An Fe8Cr model alloy was irradiated in the TIARA facility with 10.5 MeV Fe 3+ ions and/or 1.05 MeV He + ions at 100300°C to 0.1 10 dpa. Irradiated specimens were characterized using transmission electron microscopy and a nano-indentation technique. Visible defect clusters were not detectable by TEM for doses below ³0.1 dpa, while spatially heterogeneous dislocation loop rafts were visible for a dose of 10 dpa in single ion irradiation. The loop rafts formation was impeded in dual ion irradiation with the implantation of helium atoms at 10 dpa. Ion irradiation led to increases in hardening with increasing doses. Further, log-log plots of irradiation hardening at 100, 250 and 300°C, which fit the dose dependence of the irradiation hardening using ¦H £ (dpa) n , indicate that the decreases of n values with lower temperatures are due to a tendency towards saturation in the irradiation hardening.
Introduction
Ferritic/martensitic steels, which have excellent irradiation damage resistance, are candidates for fusion reactors. However, irradiation causes undesirable material degradation such as irradiation hardening and embrittlement, which may make use impossible at low temperatures (<0.4 T M , >0.1 dpa). 1) Especially, for BCC structure metals, the increase in the ductile-brittle transition temperature (DBTT) and decrease of toughness in the ductile regime can be catastrophic. Irradiation-induced hardening is believed to be due to defect clusters, dislocation loops or lines, voids and bubbles, and other changes, which are produced by energetic neutron-atom collisions and nuclear transmutation reactions. To simulate high energy neutron irradiation, high energy self-ions have been employed. The use of self-ions is an important and efficient method to evaluate the radiation effects of micro-structural and micro-chemical changes. Irradiation induced helium effects can also be determined by dual beam accelerators, where the target material is simultaneously irradiated with alpha particles to inject the helium and heavier ions to generate displacement damage. Unlike neutrons, however, heavy charged ions can penetrate to only a few micrometers into the irradiated surface.
2) This simulation technique also induces inhomogenous damage distributions, and it is generally believed that ion irradiation is not suitable to assess mechanical properties, except for introducing the use of nano-indentation technique. 3) It is generally accepted that ferritic/martensitic steels have a complicated microstructure which renders these alloys unattractive as candidates for mechanical analysis. This report focuses on the investigation of an Fe8Cr model alloy, as experimental data on the effects of ion irradiation on the microstructure of pure materials and model alloys are useful for an understanding the basic physical phenomena that are responsible for the mechanical property degradation that may be caused by irradiation of steels. Irradiation doses were varied from 0.1 to 10 dpa, at temperatures from 100 to 300°C.
Low temperature irradiation is useful to investigate the irradiation hardening, and the lowest irradiation doses are intended to investigate the early formation of defects, while the highest doses are useful for the study of the evolution of the defect structures. High concentration helium implantation was used to assess the helium effect on swelling and low temperature hardening.
As mentioned above, the nano-indentation technique is the only method available to investigate the evolution of the mechanical properties, and it is necessary to know the relationship between the nano-hardness and the Vickers hardness, the tensile stress, in order to understand macroscale mechanical property changes after irradiation. Here cold worked Fe8Cr alloy was used in the experiments. The following presents and discusses the main results of the present investigation of the effects of ion irradiation on the micro-structural changes and the effects on the mechanical properties of Fe8Cr model alloy.
Experimental Procedure
The material used in this study was an Fe8Cr model alloy prepared by arc melting of iron and chromium in an argon atmosphere. The major impurities reported in the vendor analysis of the Fe8Cr model alloy were 93 appm C and 530 appm N. Cold-worked specimens were annealed at 800°C for 30 min after vacuum-encapsulation in a silica tube, which resulted in an average grain size of 29 µm. A sheet of this material was cut into specimens of the small coupon type using a high speed precision cutting machine. The size of the specimens was 6 © 3 © (0.20.5) mm 3 and after SiC paper and diamond polishing followed by electrolytic polishing one of the 6 © 3© (0.20.5) mm 2 sides was irradiated.
The heavy ion irradiation experiment was carried out at the TIARA facility at JAEA Takasaki, Japan. A full description of the facility and its capabilities is given in Ref. 4 ). The single beam irradiation was performed at 100, 250 and 300°C with 10.5 MeV Fe 3+ ions. The irradiation was conducted to displacement dose levels of 0.1, 1 and 10 dpa at the depth of 1 µm from the incident surface and the damage rate was about 1.1 © 10 ¹3 dpa/s. The damage rate is based on average Fe ion particle flux and the SRIM displacement calculations with full detailed, full cascade calculations and a 40 eV displacement energy for Fe. The irradiation temperature was monitored using a thermocouple attached to the samples. For the dual beam irradiation, the specimens were irradiated simultaneously with the two ions, 10.5 MeV Fe 3+ and 1.05 MeV He + ions, to a dose of 10 dpa at 1 µm depth. The ratio of the helium concentration to dpa (appm He/dpa) was 200 appm He/dpa. Figure 1 plots the damage profile (a) and the implanted ion profile (b) as generated using SRIM code for 10.5 MeV Fe 3+ ions as an example. The irradiated specimens were indentation-tested using the Elionix ENT-1100a (Elionix Inc., Japan) nano-indenter with a Berkovich diamond indenter tip, the indentation carried out at room temperature and the direction of indentation parallel to the ion beam axis, normal to the irradiated surface. The indentation test was performed at loads calculated to penetrate about 400 nm into the steels here. This indentation depth selection was made based on the work of Ando.
5)
The micro-indentation results were analyzed in the manner described by Oliver and Pharr. 6) A Hitachi FB-2100 Focused Ion Beam (FIB), operated at 40 kV, was used for the preparation of the longitudinal crosssection transmission electron microscopy (TEM) foils of the irradiated samples. The FIB irradiated thin foils were sliced again using a Low Energy Gun with the energy lower than 1 kV to remove any effect of gallium ions introduced during the FIB fabrication.
Further, the annealed Fe8Cr model alloy was investigated as follows. Specimens, which were deformed to strains of 5, 10, 15 and 20%, were separated into two groups. A tensile test was carried out on one group with a strain rate of 0.6 © 10 ¹3 s ¹1 at room temperature; and the thickness of specimens used for the tensile test was around 0.25 mm. Micro-Vickers hardness, nano-indentation tests, and TEM observations were performed on the group not subjected to the tensile test. For the micro-Vickers hardness test, a 500 gram force was selected, and the hardness is expressed as Hv 0.5 in the following. Nano-indentation was measured in the same manner as that mentioned for the ion irradiated specimens. Hybrid specimens, disks of 1 mm in diameter, were inserted in a 1 mm deep hole in 3 mm thick austenitic stainless steel disks, were used for the TEM observations. This method is useful to reduce any effect of sample magnetism in the electron microscopy.
The TEM observations were carried out using a JEOL JEM-2000FX microscope operated at 200 kV. The local foil thickness was measured using the thickness fringes in weak beam dark field images. Figure 2 shows the dose dependence of the nano-hardness changes in the Fe8Cr model alloy irradiated to doses of 0.1 to 10 dpa at temperatures from 100 to 300°C with single and dual ion irradiation. The hardness measurements at each irradiation condition for both the unirradiated and irradiated regions were the average of at least 30 indents. A detailed description of position selection for the indents and the average nano-hardness values is given in Ref. 7) . The following details of the dose dependence on the hardness changes must be noted. Firstly, the nano-hardness versus dose curves showed irradiation hardening in this alloy at all irradiation conditions. In particular, there was significant irradiation hardening from 0.1 to 1 dpa at both the 100 and 300°C conditions. All of the curves flattened from 1 to 10 dpa at the temperatures investigated, a factor which would be reflected in the moderate irradiation-induced hardening Irradiation Dose/dpa 100C 250C 300C 300Dual tendency. Secondly, over the same dose range irradiation at lower temperatures tends to larger irradiation hardening. Especially, the irradiation at 100°C showed the largest hardening. This largest radiation hardening should be related to the largest residual defect clusters induced during the ion irradiation. In the case of dual irradiation at 300°C, there is no significant change in the nano-hardness compared with that at the single irradiation to the dose of 10 dpa.
Results and Discussions

Irradiation hardening
In general the irradiation hardening can be defined by the difference in the hardness before and after irradiation, ¦H = H irrad . ¹ H unirrad . In the present work, the nano-hardness was measured for the same specimen at unirradiated and irradiated areas. The advantage of this may be detailed as, firstly, it is believed that the nano-hardness test is most useful in the measurement of mechanical properties of very thin films and surface layers. However, the test here is restricted in very low loads and small regions, this method is also extremely sensitive to local conditions in the specimen. Secondly, for the current ion accelerator, an unirradiated region is used instead of a non-irradiated material for the "H unirrad. " evaluation, while also the irradiation hardening could prevent annealing effects during the irradiation process.
To understand the dose dependence of irradiation hardening in the present alloy, log-log plots of the irradiation hardening versus the displacement dose were also determined, and are shown in Fig. 3 . The dose dependence for this alloy in the present study showed good agreement with a simple power law expression, 8) ¦H £ (dpa) n , where dpa is the irradiation dose, which can be replaced by a factor related to defect cluster barriers, or by the radiation fluence. It is clear that there was a reduction in the slopes of log-log plots with decreases in the irradiation temperature. As shown in Fig. 3 , the values of the exponent n, representing the slopes of the log-log plots, changed from 0.26 to 0.09 with the emperature change from 300 to 100°C. The decrease in the value of the exponent n at lower temperatures may be ascribed to a tendency towards saturation in the irradiation hardening at lower irradiation temperatures, usually occurring because of cascade overlap. 9) 
Irradiation induced microstructure evolution
The defects in the microstructure of irradiated specimens were investigated in cross-sections using conventional TEM imaging techniques. Figure 4 shows the typical crosssectional bright field microstructures of the Fe8Cr model alloy irradiated to doses of 0.110 dpa with single and dual ion beams at 300°C. In the present work, the displacement dose level was set so that a designated dose reached a depth of 1 µm from the irradiated surface. As shown in Fig. 4(a) , irradiation to a dose of 0.1 dpa caused no visible defect clusters; there are obvious defect clusters in the range of peak damage depths (to approximate 2 µm) that would be caused by a dose of ³0.3 dpa according to SRIM code simulation. These visible defect clusters located in the region near peak damage areas were not the only ion irradiation induced damage events. Self-ion beam techniques cause collision events simultaneously with the self-ion itself in the target materials. Figure 1(b) plots the implanted ion profile as generated using SRIM code. Here the location of the implanted ions overlaps the damage dose of the 0.3 dpa region located nearest to the surface region in Fig. 4(b) with the same irradiation dose as in Fig. 4(a) (in the peak damage region), showing simply identifiable significant differences. In fact, in the case of this irradiation, the observed microstructure which is located near the peak damage region is also contributed by foreign interstitials. The purpose that the irradiation damage near the 1 µm region was selected for assessment is to minimize the influence of the injected selfions. 10) As mentioned above, irradiation doses at 1 µm depth were used for comparison, and hereafter, all irradiation doses referred to in this report are those at a 1 µm depth.
With 1 dpa (Fig. 4(b) ), a few defect clusters are visible. When the specimens were irradiated up to 10 dpa, defect clusters became easily visible by standard bright field imaging as shown in Fig. 4(c) . At this dose level there is a tendency for the visible defect clusters to aggregate into small groups (shown in Fig. 4(c) ). This striking microstructure reflects an alignment of small sized dislocation loops, commonly referred to as 'dislocation loop rafts', which has also been observed in neutron irradiated pure iron, 11) molybdenum, and tungsten alloys. 12, 13) Here, all of the loops within a given raft packet exhibit the same diffraction contrast during the loop analysis performed with different diffraction vectors. Therefore, it may be deduced that all loops within a given raft appear to have the same burgers vector. Further, the observed dislocation loops in the present work are mainly with burger vectors of b = ah100i.
14) Defect clusters can be clearly observed in the dual irradiation case at the dose of 10 dpa simultaneously irradiated with the implantation of helium atoms as displayed in Fig. 4(d) . Conversely, loop rafts structure was quite obscure in this dual irradiation condition. The formation of loop rafts structure was suppressed with additional helium atoms implanted. Further, under dual irradiation with helium implantation there are no visible voids even after several beam direction exposures.
As it mentioned above, the TEM examination showed no apparent visible defect clusters at the 0.1 dpa condition; there were very weak defect clusters detectable at the 1 dpa condition. For this reason, there is no data for the 0.1 and 1 dpa evaluations. The defect cluster density and size distribution in both single and dual ion irradiated Fe8Cr alloys at 10 dpa are summarized in Fig. 5 . Firstly, no small defect clusters with sizes smaller than 6 nm were detected in the single ion irradiation, the minimum visible defect cluster size decreased to 3 nm with the implantation of helium atoms. Secondly, the defect cluster density increased with the decreasing cluster size arising with the helium implantation, in comparison with the single ion irradiation. Finally, the mean size and number density of the visible defect clusters changed from 12.4 to 5.3 nm and from 4.6 © 10 21 to 1.9 © 10 22 m ¹3 as the irradiation condition varied from single to dual irradiation at 10 dpa.
Relation between yield stress, micro-Vickers hard-
ness, and nano-hardness in the unirradiated Fe8Cr alloys A high energy heavy charged ion induced damage layer is restricted to only in a range of a few micrometers from irradiation surface. For this reason, in order to appraise defect clusters contributing to mechanical property changes, the correlations between mechanical properties (e.g., yield stress; micro-Vickers hardness) and nano-hardness were determined by using tensile tests, micro-Vickers hardness, and nanoindentation tests with a deformed non-irradiated Fe8Cr model alloy. Figure 6 shows that there are linear relationships between the yield stress and micro-hardness changes (in Fig. 6(a) ) and between the yield stress and nano-hardness changes (in Fig. 6(b) ). Here it must be noted that when the data in Fig. 6 (both (a) and (b) ) is extrapolated to ¤Hv 0.5 = 0 or ¤Hn = 0, negative intercepts (¹2.45 MPa in Fig. 6(a) and ¹1.21 MPa in Fig. 6(b) ) rather than zero intercepts are obtained, the relationship between yield stress changes and nano-hardness changes (Fig. 6(b) ) can be expressed with the equation: ¤·y ; 0.315 ¤Hn. Figure 7 is a plot of the nanohardness versus the square root of the dislocation density, and the data indicate a linear relation between the nano-hardness change and (dislocation density) 1/2 . A simulated equation between the two was also derived and is shown in Fig. 7 . However, the line connecting the points does not intersect the origin of the coordinates. This non-zero intercept as well as those for Fig. 6 , may be traced to grain size effects and/or be intrinsic to the material (here the model Fe8Cr alloy).
Relation between hardness and microstructural
evolution in the irradiated Fe8Cr alloy To understand the origins of the radiation hardening in the Fe8Cr model alloy, the dispersed obstacle hardening model is used as a commonly applied theory, and the measured and predicted hardening due to irradiation-induced defects was investigated. Radiation hardening due to the micro-structural features was calculated using the dispersed barrier hardening model: ¤·y = M¡®b(Nd) 0.5 , where M, ¡, ®, b, N and d are the Taylor factor (M = 3.06 15) ), the barrier strength of obstacles, the shear modulus of the matrix, the magnitude of the burgers vector of moving dislocations, the number density of obstacles and the mean diameter of obstacles, respectively. The hardening was estimated by using the equation between yield stress change and nano-hardness change derived from the non-irradiated alloy in the above and with the parameters: ¡ = 0.3 16) for loops. In present work, there is no data at 0.1 and 1 dpa, and defect cluster induced hardening was investigated only at 10 dpa with single and dual ion irradiation at 300°C. The calculated hardening resulting from the suggested model were 0.47 and 0.62 GPa for the single and dual irradiations respectively, lower than the measured hardening (0.826 GPa for single and 0.807 GPa for dual irradiation with a dose of 10 dpa at 300°C) as listed in Table 1 . The difference between the measured and calculated hardenings in the single ion irradiation is larger than in the dual ion irradiation case. This may be an effect of the smaller defect cluster size and larger number density in the dual irradiation with the helium implantation, which suggests that implanted helium atoms inhibit the aggregation of defect clusters so that much small defect clusters remain. It may be that these small defect clusters are responsible for the discrepancy between the measured and calculated irradiation hardening.
In general, the microstructural evolution resulting from the formation, migration, agglomeration and annihilation of point defects in the irradiation condition, the temperature, dose and dose rate, would be considered to have a strong effect on the final size, density and distribution of the defect structures. This may be why in the radiation-induced phenomena in Fig. 4(a) , the present ion irradiation experiment, led to no visible defect clusters with a dose of 0.1 dpa irradiation, when however, well developed loop rafts were observed at 10 dpa irradiation (Fig. 4(c) ). As mentioned above, it is not possible to conclusively state that the displacement dose level was the main factor in these different micro-structure observation results in the present target materials. However, the quantitative hardness measurements from this part of the experimental work in Fig. 2 show that non-negligible irradiation hardening was detected at the lowest irradiation condition (0.1 dpa). This hardening should be attributed to remnants of defects and/or defect clusters arising from displacement cascades. In the experiments here, it is indicated that there is a threshold dose below which defect clusters cannot be observed by current transmission electron microscopy. Further, it also suggested that the threshold dose for defect cluster visibility was near 0.1 dpa in the ion irradiated Fe8Cr model alloy. This is, however, different and almost two orders of magnitude larger than the neutron irradiation results (³0.001 dpa is generally mentioned as the threshold dose in published papers) for defect cluster visibility in pure iron 11) and/or ferritic model alloys, even though the differences in the threshold dose of the alloys and steel is explained by a trapping effect of the point defects with impurities. It has been suggested that a quantification of small defect clusters can best be evaluated by weak beam electron microscopy. Zinkle et al. suggested that the observation of small defect clusters near the TEM resolution limit must be performed in very thin (<40 nm) foil regions to avoid the poor contrast in thicker regions with surrounding matrix. 17) It is believed that the FIB technique with gallium ion polishing has thickness limitations when preparing very thin foils for TEM observation, because gallium ions can make thin foils bend. In the present work, the thickness of the TEM foils for each irradiation dose was limited to around 100 nm, as is commonly used for conventional electron microscopy study. With Zinkle's suggestion, however, a thickness effect is a possible reason for observation dimension limitations with visible small defect clusters in the conditions of the current work. Further, these small defect cluster contributions to irradiation hardening can diminish the discrepancies between the measured and calculated hardenings, and it also decreases the threshold dose for defect cluster visibility. For a comprehensive analysis of the defect cluster contribution to irradiation hardening, a further issue must be borne in mind. It is generally believed that exposure of metals to irradiation results in an increase in the yield strength and a decrease in the ductility. Here it could be that the deformed microstructure and/or region under the indentation for different doses could vary. As a result the plastic deformation zone under irradiation would decrease with increases in irradiation dose due to the irradiation hardening. This kind of investigation about the evolution of plastic deformation region under indentation tip has also been reported in helium implanted pure iron. 18) Finally, when the effect of helium is considered, no significant change in irradiation hardening was detected in the dual ion irradiation as it listed in Table 1 and Fig. 2 . Helium effects on mechanical property changes have also been reported. By contrast, until recently, its effect on hardening and embrittlement at temperatures below 0.4 T m was less clear and somewhat controversial. However, the present work confirmed that the number density of dislocation loops increased and that their mean size decreased with the implantation of helium.
Summary
To investigate material performance in a fusion reactor environment, Fe8Cr alloy specimens were irradiated using the TIARA facility at JAEA. Irradiation was conducted at 100, 250 and 300°C in both single and dual ion beam modes with 10.5 MeV Fe 3+ and 1.05 MeV He + , respectively. The helium implantation rate was 200 appm He/dpa, and the following reports the irradiation induced nano-hardness changes and microstructure evolution:
(1) Nano-hardness measurements showed that ion irradiation caused hardening at all temperatures with the increases in the irradiation dose. Log-log plots of the irradiation hardening as a function of irradiation dose showed a tendency towards saturation in the irradiation hardening with lower temperatures. (2) Microstructural observations showed that high energy ion irradiation induced an inhomogenous damage distribution in the surface layer, in good agreement with SRIM code simulations. Particularly at high dose levels (10 dpa), the dislocation loop rafts, which are visible defect clusters, aggregate into small groups and become commonly observed elements in the microstructure of single ion irradiated Fe8Cr alloy. (3) In dual irradiation, there was no obvious hardening like in the single ion irradiation. However, the microstructure indicated that there was a decrease in the cluster size and an increase in the number density of clusters with the single ion irradiation for similar irradiation doses. (4) A simple application of the dispersed barrier model showed that radiation hardening calculated based on the visible defect clusters does not fit the measured hardening. The nanohardness vs. (dislocation density) 1/2 plot for a cold worked alloy showed a linear relationship.
